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7 ABSTRACT: Liquid chromatography/negative electrospray ionization mass spectrometry 
8 [LC/()ESI-MS] is routinely employed to characterize the identity and abundance of molecular 
9 products in secondary organic aerosol (SOA) derived from monoterpene oxidation. Due to a lack 
10 of authentic standards, however, commercial terpenoic acids (e.g., cis-pinonic acid) are typically 
11 used as surrogates to quantify both monomeric and dimeric SOA constituents. Here, we synthesize 
12 a series of enantiopure, pinene-derived carboxylic acid and dimer ester homologues. We find that 
13 the ()ESI efficiencies of the dimer esters are 19–36 times higher than that of cis-pinonic acid, 
14 demonstrating that the mass contribution of dimers to monoterpene SOA has been significantly 
15 overestimated in past studies. Using the measured ()ESI efficiencies of the carboxylic acids and 
16 dimer esters as more representative surrogates, we determine that molecular products measureable 
17 by LC/()ESI-MS account for only 21.8  2.6% and 18.9  3.2% of the mass of SOA formed from 
18 ozonolysis of -pinene and -pinene, respectively. The 28–36 identified monomers (C7–10H10–
19 18O3–6) constitute 15.6–20.5% of total SOA mass, whereas only 1.3–3.3% of the SOA mass is 
20 attributable to the 46–62 identified dimers (C15–19H24–32O4–11). The distribution of identified -
21 pinene and -pinene SOA molecular products is examined as a function of carbon number (nC), 
22 average carbon oxidation state ( C), and volatility (C*). The observed order-of-magnitude OS
23 difference in ()ESI efficiency between monomers and dimers is expected to be broadly applicable 
24 to other biogenic and anthropogenic SOA systems analyzed via () or (+) LC/ESI-MS under 
25 various LC conditions, and demonstrates that the use of unrepresentative surrogates can lead to 
26 substantial systematic errors in quantitative LC/ESI-MS analyses of SOA.
27
28
29
30
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231 INTRODUCTION
32 Secondary organic aerosol (SOA) comprises a substantial mass fraction (15–80%) of atmospheric 
33 fine particulate matter (PM2.5),1 and plays a pivotal role in climate,2 air quality, and health.3,4 
34 Monoterpenes (C10H16), emitted in large quantities from terrestrial vegetation (~150 Tg y1),5 
35 represent a dominant source of SOA globally.6–9 Deciphering the molecular composition, and in 
36 turn formation mechanisms, of monoterpene SOA is essential to reducing uncertainty in 
37 assessment of its environmental and health impacts. However, molecular characterization of 
38 monoterpene SOA is significantly hindered by its chemical complexity.10
39
40 Electrospray ionization mass spectrometry (ESI-MS), typically coupled with liquid 
41 chromatographic (LC) separation, is among the most widely used analytical techniques for 
42 identification and quantification of SOA molecular constituents.10,11 Multifunctional carboxylic 
43 acids and dimer esters have been identified via ESI-MS methods as significant components of both 
44 laboratory-derived12–37 and ambient16–18,24,26,27,29,38 monoterpene SOA, reportedly accounting for 
45 as much as 58% of chamber-generated SOA mass from -pinene ozonolysis.31 Due to a lack of 
46 authentic standards, the abundances of molecular products in monoterpene SOA are (i) represented 
47 as (mass-weighted) fractions of the total ion signal/chromatographic peak area20–22,37 or (ii) 
48 quantified using commercially available terpenoic acids (e.g., cis-pinonic acid) as 
49 surrogates.23,25,27–33 However, given the strong dependence of ESI efficiency on molecular 
50 structure,39–42 these approaches could lead to inaccurate apportionment of monoterpene SOA mass.
51
52 In this work, we synthesize a series of enantiopure, pinene-derived carboxylic acid and dimer ester 
53 homologues to determine the effect of molecular size and functionality on the ESI efficiency of 
54 monoterpene SOA constituents. Using the measured ESI efficiencies of the carboxylic acids and 
55 dimer esters as more representative proxies for those of like-structured monomers and dimers, 
56 respectively, we quantify the abundances of the most extensive suite of molecular products 
57 identified to date in SOA derived from ozonolysis of -pinene and -pinene, which together 
58 account for over 50% of global monoterpene emissions.5
59
60
61
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362 EXPERIMENTAL
63 Synthesis of Carboxylic Acids and Dimer Esters. (+)-cis-Pinonic acid (1), (+)-cis-pinic acid (2), 
64 and (+)-cis-pinolic acid (3) were prepared according to modified literature procedures43,44 from 
65 commercial (+)--pinene (98%, 89% ee, Sigma-Aldrich) in 56–88% yield (Scheme 1). Dimer 
66 esters 4–6 were synthesized as single stereoisomers in 38–59% yield from alcohol 3a via Steglich 
67 esterification followed by Pd/C-catalyzed hydrogenolysis (Scheme 1). Experimental procedures, 
68 characterization data, and NMR and IR spectra for carboxylic acids 1–3, dimer esters 4–6, and all 
69 synthetic intermediates are provided in the Supporting Information (SI).
70
71 SOA Formation Experiments. -Pinene and -pinene ozonolysis experiments were carried out 
72 in the Caltech dual 24 m3 Teflon Environmental Chambers (CTEC).45 Experimental conditions are 
73 reported in Table 1 and time series of reactants/products for a representative experiment are shown 
74 in Figure S1. Prior to each experiment, the chamber was flushed with dry, purified air for 24 h 
75 such that the particle number and volume concentrations were less than 10 cm3 and 0.01 µm3 
76 cm3, respectively. -Pinene or -pinene (~100 ppb) was added to the chamber by passing dry, 
77 purified air through a glass cylinder, warmed to 50 °C with electrical heat tape, containing a 
78 volumetric injection (15.5 µL) of liquid (+)--pinene (99%, Sigma-Aldrich) or ()--pinene 
79 (99%, Sigma-Aldrich). Polydisperse seed aerosol (~90–280 µm3 cm3,   144  17 nm) was Dp
80 generated via atomization of a dilute (0.06 M) aqueous solution of (NH4)2SO4 (Macron Fine 
81 Chemicals), followed by diffusive drying and neutralization. O3 (~150 ppb) was produced by 
82 flowing dry, purified air through a custom-built UV O3 generator. Ozonolysis experiments were 
83 conducted in the absence of an OH scavenger, resulting in initial OH molar yields for -pinene 
84 and -pinene of 77–89%46,47 and 28–44%,48,49 respectively. Under these conditions, ~97% of -
85 pinene and ~58% of -pinene was consumed over ~5 h of reaction in the CTEC.
86
87 Gas-Phase Instrumentation. -Pinene and -pinene mixing ratios were quantified with an 
88 Agilent 6890N gas chromatograph equipped with a flame ionization detector (GC/FID) and 
89 operated with an Agilent HP-5 column (30 m  0.32 mm, 0.25 µm). The GC/FID was calibrated 
90 as described in Kenseth et al.34 -Pinene and -pinene decay curves over ~5 h of ozonolysis in the 
91 CTEC are shown in Figure 1A. O3 and NOx mixing ratios were quantified by a Horiba APOA-360 
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492 O3 monitor and a Teledyne T200 NOx analyzer, respectively. Temperature and relative humidity 
93 (RH) were monitored with a Vaisala HMM211 probe.
94
95 Particle-Phase Instrumentation. Scanning Mobility Particle Sizer (SMPS). Aerosol size 
96 distributions and number concentrations (Dp  15–800 nm) were measured with a custom-built 
97 SMPS consisting of a TSI 3081 differential mobility analyzer (DMA) coupled to a TSI 3010 
98 condensation particle counter (CPC). Details of the SMPS operation are provided elsewhere.34,50 
99 Suspended SOA volume concentrations were derived using the approach of Kenseth et al.,34 and 
100 were not corrected for particle wall loss to enable direct comparison with the concentrations of 
101 individual molecular products detected in suspended SOA using off-line mass spectrometry. SOA 
102 mass concentrations were calculated assuming an effective density of 1.25 g mL1 for -pinene 
103 and -pinene SOA.51–54 Growth profiles of suspended SOA produced from ozonolysis of -pinene 
104 and -pinene over ~5 h of reaction in the CTEC are shown in Figure 1B.
105
106 High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS). Submicrometer, 
107 nonrefractory aerosol chemical composition was quantified with an Aerodyne HR-ToF-AMS55 
108 configured in V-mode. Detection limits and instrumental ionization efficiencies for each class of 
109 speciated constituents (i.e., sulfate, ammonium, and organics) were determined following the 
110 methods in Kenseth et al.34 Data were analyzed using the SQUIRREL v1.61 and PIKA v1.21 
111 modules for Igor Pro v7.08 (WaveMetrics), and were corrected for gas-phase interferences56,57 and 
112 composition-dependent collection efficiencies.58 Elemental O:C and H:C ratios, as well as average 
113 carbon oxidation states ( C = 2 O:C  H:C), were calculated using the “Improved-Ambient” OS
114 elemental analysis method for AMS spectra.59 Average O:C and C values for -pinene and -OS
115 pinene SOA after ~5 h of ozonolysis in the CTEC are reported in Table 1. These values are in good 
116 agreement with O:C and H:C ratios previously reported for laboratory-derived SOA formed from 
117 -pinene ozonolysis (O:C = 0.30–0.43; H:C = 1.47–1.66).30,59–63
118
119 Particle-Into-Liquid Sampler (PILS). A custom-modified PILS was used to collect chamber-
120 generated -pinene and -pinene SOA for off-line, molecular-level characterization. A detailed 
121 description of the Caltech PILS is presented elsewhere.34,64 Briefly, sampled aerosol (1-µm cut 
122 size, 12.5 L min1 flow rate) is passed through successive acid, base, and organic carbon denuders 
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5123 into a condensation chamber where particles grow sufficiently large (Dp > 1 µm) for collection by 
124 inertial impaction via adiabatic mixing with steam generated from ultra-pure water (18.2 M cm, 
125 <3 ppb TOC, Millipore Milli-Q). Impacted particles are transported to a debubbler by a washing 
126 flow (0.15 mL min1) of ultra-pure water, and the sampled liquid is delivered into vials (5-min 
127 duty cycle) held on a rotating carousel. Sample vials were stored at 16 °C immediately after 
128 collection. The overall PILS collection efficiency for -pinene and -pinene SOA was estimated 
129 to be >85%, based on an empirical correlation of water solubility and the AMS-derived bulk O:C 
130 ratio of the SOA.65
131
132 Ultra-Performance Liquid Chromatography/Negative Electrospray Ionization Quadrupole Time-
133 of-Flight Mass Spectrometry [UPLC/()ESI-Q-TOF-MS]. -Pinene and -pinene SOA PILS 
134 samples were analyzed by a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2-S Q-
135 TOF-MS equipped with an ESI source and operated in () ion mode. An ACQUITY BEH C18 
136 column (1.7 µm, 2.1 mm × 50 mm) fitted with an ACQUITY BEH C18 VanGaurd pre-column (1.7 
137 µm, 2.1 mm × 5 mm) was used to separate SOA molecular constituents. Instrument specifications, 
138 acquisition parameters (e.g., gradient-elution and MS/MS methods), and calibration procedures 
139 are detailed in Kenseth et al.34 Note that due to the addition of the guard column, retention times 
140 (tR) of SOA molecular products are shifted by +0.11–0.15 min compared to those reported in 
141 Kenseth et al.34 All analytes were detected as [MH] ions, generated via deprotonation of parent 
142 molecules during ()ESI. Instrument stability (i.e., chromatographic and mass spectral 
143 reproducibility) was verified to within 4% using an equimolar (1.00 µM) aqueous solution of 
144 carboxylic acids 1–3 and dimer esters 4–6, run twice every 10 samples during routine analysis. 
145 Data were acquired and processed using MassLynx v4.1 software. Molecular formulas (CxHyOz) 
146 of [MH] ions were assigned with mass tolerances of <7 ppm and supported by the associated 
147 13C isotope distributions. 
148
149 Quantification of SOA Molecular Products. Mass concentrations of individual organic 
150 compounds in chamber-generated -pinene and -pinene SOA collected by PILS and analyzed 
151 off-line by UPLC/()ESI-Q-TOF-MS were calculated from the following expression:
152
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6153       (1)𝐶 = 𝑄𝑙 ∙ 𝐷𝐹 ∙ 𝑅 ∙ 𝑀𝑄𝑠 ∙ 𝐶𝐸𝑃𝐼𝐿𝑆 ∙ 𝐼𝐸
154
155 where C is the particle-phase mass concentration of the compound (µg m3), Qs is the aerosol 
156 sampling flow rate (12.5 L min1), Ql is the rate of the washing flow (0.15 mL min1), DF is the 
157 dilution factor that accounts for water vapor condensation on the PILS impaction plate (assumed 
158 to be 1.1),64 CEPILS is the overall PILS collection efficiency for -pinene and -pinene SOA 
159 (estimated to be 0.85),65 R is the UPLC/()ESI-Q-TOF-MS response for the compound [i.e., 
160 extracted ion chromatogram (EIC) peak area], M is the molecular weight of the compound (g 
161 mol1),  and IE is the compound-specific ()ESI efficiency (µM1). Prior separation of analytes 
162 from the complex SOA matrix via UPLC precludes potential ion-source artifacts (e.g., signal 
163 suppression and noncovalent clustering), ensuring the quantitative nature of the method. From 
164 comparison of the resulting particle-phase mass concentrations to the SMPS-derived suspended 
165 SOA mass loading, mass fractions of identified molecular products in -pinene and -pinene SOA 
166 were determined.
167
168 Due to a lack of authentic standards, ()ESI efficiencies of monomers and dimers identified in -
169 pinene and -pinene SOA were quantified using those measured for carboxylic acids 1–3 and 
170 dimer esters 4–6 as surrogates. Weighted (1/X), linear (R2 > 0.998) calibration curves were 
171 generated from triplicate measurements of equimolar aqueous solutions of carboxylic acids 1–3 
172 and dimer esters 4–6 spanning a concentration range from 0.200 to 5.00 µM (Figure 2); all 
173 surrogates were fully water soluble at 5.00 µM (295 K, 1 atm). Limits of quantitation (LOQ), 
174 calculated as ten times the standard deviation of the blank (10blank), were found to range from 
175 1.8–2.7 nM for dimer esters 4–6 to 8.1–39 nM for carboxylic acids 1–3 and are reported in Table 
176 S2, along with limits of detection (LOD, 3blank) and ()ESI efficiencies (µM1). The concentration 
177 of every monomer and dimer measured in the PILS samples fell above the LOQ and within the 
178 calibrated linear range of the corresponding surrogate.
179
180 Uncertainty Analysis. Uncertainty in the PILS method (PILS) arises mainly from variation in the 
181 collected liquid volume due to imperfect debubbling, and has been estimated to be less than 
182 11%.65 Uncertainty associated with the chromatographic and mass spectral reproducibility of the 
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7183 UPLC/()ESI-Q-TOF-MS (UPLC) was determined to be less than 4% (see above). Uncertainty 
184 in the concentrations of the calibration standards for carboxylic acids 1–3 and dimer esters 4–6 
185 due to the precision of the analytical balance and Class A volumetric glassware (CalStd) was 
186 calculated to be less than 1%. Uncertainty in the measured ()ESI efficiencies of carboxylic acids 
187 1–3 and dimer esters 4–6 (()ESI) was found to be less than 1%. An uncertainty of 20% is 
188 assumed for SMPS-derived suspended SOA mass loadings (SMPS).66 Propagation of these 
189 individual uncertainties yields a total estimated relative uncertainty in the reported SOA mass 
190 fractions (total) of 23%:
191  
192 (2)𝛿total = 𝛿2PILS + 𝛿2UPLC + 𝛿2CalStd + 𝛿2( ― )ESI + 𝛿2SMPS = 0.23
193
194 Note, however, that this method uncertainty is not explicitly quoted in the following sections. 
195 Rather, all data are reported as averages of replicate experiments for -pinene (n = 4) and -pinene 
196 (n = 5) together with their standard deviations (1). 
197
198 RESULTS AND DISCUSSION
199 ()ESI Efficiencies of Carboxylic Acids and Dimer Esters. Equimolar aqueous solutions of 
200 carboxylic acids 1–3 and dimer esters 4–6 were analyzed by UPLC/()ESI-Q-TOF-MS; a 
201 representative base peak ion (BPI) chromatogram and weighted (1/X) calibration curves are shown 
202 in Figure 2. Contrary to the assumptions of previous LC/()ESI-MS studies that monoterpene 
203 oxidation products exhibit comparable ()ESI efficiencies due to the presence of similar 
204 structures/functional groups,20–22 the ()ESI efficiencies of carboxylic acids 1–3 varied by almost 
205 a factor of six despite differing only in the identity of the terminal functional group (i.e., ketone 
206 vs. carboxylic acid vs. alcohol). More strikingly, the ()ESI efficiencies of dimer esters 4–6 were 
207 found to be 19–36 times higher than that of commercially available cis-pinonic acid (1). These 
208 findings conclusively demonstrate that as a result of fundamental differences in ionizing behavior, 
209 the mass contribution of dimers (and to a lesser extent dicarboxylic acids) to monoterpene SOA 
210 has been significantly overestimated in past studies.20–23,25,27–33
211
212 The observed trends in ()ESI efficiency for carboxylic acids 1–3 and dimer esters 4–6 are 
213 consistent with the current understanding of the ()ESI process, which for molecules <1000 Da is 
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8214 described by the ion evaporation model (IEM).39 To first order, ()ESI efficiency depends on (i) 
215 the degree of ionization in solution, a function of analyte acidity (pKa) and the number of 
216 potentially ionizable (carboxyl) groups, and (ii) the ease of ion evaporation from the ESI droplet, 
217 which relates to the extent of ion charge delocalization and increases with molecular size (i.e., 
218 larger molecules produce ions with more delocalized charge).41,42 Mechanistically, compounds 
219 that are more extensively dissociated in solution will yield a higher concentration of anions in ESI 
220 droplets, while anions with more delocalized charge will more readily partition to and evaporate 
221 from ESI droplet surfaces due to lower solvation energy and a lower tendency for ion pairing (i.e., 
222 weaker interaction with solvent molecules and cations in the droplet interior).41 For LC/()ESI-
223 MS analysis of SOA molecular constituents, therefore, ()ESI efficiencies will scale with pKa 
224 [()ESIstrong_acid > ()ESIweak_acid], the number of sites available for deprotonation [()ESIdiacid ≳ 
225 2()ESImonoacid], and (most strongly) molecular weight [()ESIdimer ≳ 10()ESImonomer]. Notably, 
226 the ()ESI efficiencies estimated in our recent study for dimer esters in -pinene SOA34 by 
227 adapting the linear model of Kruve et al.,41 which contains only the degree of solution ionization 
228 and anion charge delocalization as input parameters, effectively captured the order-of-magnitude 
229 difference in ()ESI efficiency between monomers and dimers. 
230
231 In addition to analyte properties, ()ESI efficiency has been found to depend on the 
232 solvent composition of the ESI droplet.42 Given the varying acetonitrile-water content of 
233 the gradient UPLC method (12–62% acetonitrile over tR 3.00–7.50 min), the influence of 
234 eluent composition on the ()ESI efficiencies of carboxylic acids 1–3 and dimer esters 4–6 
235 was evaluated for an equimolar (1.00 µM) aqueous solution via isocratic UPLC/()ESI-Q-
236 TOF-MS across a range of acetonitrile volume fractions (10–60%) (Figure S2). Compared to 
237 those obtained with the gradient method, the ()ESI efficiencies of carboxylic acids 1–3 
238 and dimer esters 4–6 changed by only 20–50% over the respective ranges of acetonitrile 
239 content within which monomers (10–30%) and dimers (40–60%) in -pinene and -pinene 
240 SOA elute during gradient UPLC. In contrast, the ()ESI efficiencies of carboxylic acids 1–3 at 
241 60% acetonitrile were found to be 1.6–1.9 times higher than those from the gradient 
242 method. As molecular structure determines the solvent composition at which an analyte elutes 
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9243 from the LC column, the distinct ()ESI behavior of monomers and dimers in LC/()ESI-MS, and 
244 the resultant overestimation of dimeric SOA mass fractions in past studies,20,23,25,27–33 thus 
245 stems from both a direct (analyte properties) and lesser indirect (ESI droplet composition) 
246 dependence of ()ESI efficiency on molecular structure.
247
248 Abundance of Molecular Products in -Pinene and -Pinene SOA. Replicate -pinene (n = 4) 
249 and -pinene (n = 5) ozonolysis experiments were carried out in the CTEC (Figure 1, Table 1). 
250 PILS + UPLC/()ESI-Q-TOF-MS was used to characterize the SOA molecular composition (5-
251 min average) after ~5 h of reaction; representative BPI chromatograms are shown in Figure S3. A 
252 total of 36 monomers (C7–10H10–18O3–6) and 46 dimers (C15–19H24–30O4–10) were identified in -
253 pinene SOA, while 28 monomers (C7–10H10–18O3–6) and 62 dimers (C15–19H24–32O5–11) were 
254 identified in -pinene SOA (Table S3). Many of these compounds are isomers that elute at unique 
255 tR. The monomers, in general, exhibit higher O:C ratios (0.30–0.75) than the dimers (0.22–0.63), 
256 suggesting that deoxygenation (e.g., condensation) is involved in dimer formation.12,14,34 That the 
257 dimers elute at tR distinct from those of the monomers demonstrates that they are authentic, 
258 covalently bound SOA products and not ion-source artifacts formed during the ()ESI process.
259
260 Using the measured ()ESI efficiencies of carboxylic acids 1−3 and dimer esters 4−6 as surrogates 
261 for those of like-structured (i.e., mono vs. polycarboxylic) monomers and dimers, respectively 
262 (Table S3), identified molecular products were determined to account for 21.8  2.6% and 18.9  
263 3.2% of -pinene and -pinene SOA mass, respectively. Notably, the dimers comprised only a 
264 small fraction (1.3–3.3%) of total SOA mass, whereas the mass contribution of the monomers was 
265 appreciable (15.6–20.5%) (Table 1). Based on comparison with authentic standards and/or 
266 previously reported LC/()ESI-MS data,17,34 cis-pinic acid (C9H14O4; tR 4.45 min) and terpenylic 
267 acid (C8H12O4; tR 4.07 min) were identified as the most abundant monomers, with respective mass 
268 fractions of 3.9  0.6% and 3.4  0.6% in -pinene SOA and 3.3  0.6% and 3.3  0.6% in -
269 pinene SOA. Similarly, pinyl-diaterpenyl ester (C17H26O8; tR 5.43 min) was found to be the most 
270 abundant dimer, constituting 0.2  0.02% and 0.6  0.1% of -pinene and -pinene SOA mass, 
271 respectively. Mass fractions and proposed molecular structures of the most abundant seven 
272 monomers and eight dimers identified in SOA from ozonolysis of -pinene and -pinene, 
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273 representing 13.8–15.5% of total SOA mass, are listed in Table S4, while mass fractions and 
274 physicochemical properties of all identified molecular products are presented in Table S3.
275
276 Comparison of the monomeric and dimeric SOA mass fractions derived in this work to those 
277 reported in two recent, comprehensive LC/()ESI-MS analyses of chamber-generated SOA from 
278 -pinene ozonolysis30,31 reveals significant discrepancies (Table 2). Encouragingly, however, 
279 adjustment of the mass fraction estimates in these studies based on the relative ()ESI efficiencies 
280 of carboxylic acids 1−3 and dimer esters 4−6 (details provided in SI, Section S1) brings the three 
281 sets of mass fractions into general agreement and suggests that carboxyl-containing products 
282 constitute ~20–30% of the mass of chamber-generated SOA formed from -pinene ozonolysis at 
283 293–298 K and ~1 atm, under dry (<5% RH), low-NOx (<1 ppb) conditions, and in the absence of 
284 an OH scavenger (Table 2). These findings are consistent with recent measurements of organic 
285 acids in laboratory-derived -pinene SOA made with a filter inlet for gases and aerosol coupled 
286 to an acetate chemical ionization mass spectrometer (FIGAERO-CIMS).67 Additionally, an 
287 average empirical relationship between the fraction of OA mass composed of organic acids (facid) 
288 and the fraction of AMS OA signal at m/z 44 (f44) was recently developed based on acetate/O2 
289 CIMS measurements of particle-phase organic acids and AMS data from three field campaigns in 
290 forested regions with significant monoterpene emissions [facid = (2.50  0.19) f44].68 Using the SOA 
291 mass fractions of total carboxyl-containing species detected by PILS + UPLC/()ESI-Q-TOF-MS 
292 and AMS data in this work, similar relationships were derived for chamber-generated SOA from 
293 ozonolysis of -pinene [facid = (2.54  0.22) f44] and -pinene [facid = (1.91  0.28) f44], further 
294 suggesting that a simple scaling of AMS f44 by a factor of ~2–2.5 can provide a reasonable estimate 
295 of the mass contribution of organic acids to OA with appreciable monoterpene SOA influence.
296
297 The use of carboxylic acids 1–3 and dimer esters 4–6 as surrogates to quantify the respective mass 
298 fractions of monomers and dimers identified in -pinene and -pinene SOA represents a 
299 significant analytical improvement compared to previous LC/()ESI-MS studies.20–23,25,27–33 Due 
300 to the lack of structural information for the majority of identified carboxyl-containing species, 
301 however, and the dependence of ()ESI efficiency on the number of ionizable carboxyl groups, 
302 the SOA mass fractions of monomers and dimers with unknown structures, respectively quantified 
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303 using carboxylic acid 1 and dimer ester 6 as defaults (Table S3), are likely overestimated for those 
304 that possess two or more carboxyl groups. Likewise, SOA mass fractions for molecular products 
305 with proposed structures containing three or more carboxyl groups [e.g., pinyl-diaterpenyl ester17 
306 and 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA)19], calculated using carboxylic acid 2 or 
307 dimer ester 4 (Table S3), are expected to constitute overestimates. Together, these structural 
308 limitations imply that molecular products measureable by LC/()ESI-MS may account for an even 
309 smaller fraction of -pinene and -pinene SOA mass than reported here, particularly dimeric 
310 compounds given the dominant mass contribution of pinyl-diaterpenyl ester.
311
312 Distribution of Molecular Products in -Pinene and -Pinene SOA. Mass fractions of 
313 identified molecular products in SOA derived from ozonolysis of -pinene and -pinene are shown 
314 in Figure 3 as a function of carbon number (nC). For C7–9 compounds, as well as total monomers 
315 (C7–10), statistically similar SOA mass fractions for -pinene and -pinene were obtained. 
316 Conversely, the fraction of SOA mass attributable to C10 species was considerably larger in the -
317 pinene system, in line with established gas-phase ozonolysis mechanisms (i.e., the carbon 
318 backbone of endocyclic -pinene is retained on ozonolysis whereas the terminal vinylic carbon of 
319 exocyclic -pinene is cleaved).48,49,69 
320
321 With the exception of C19 compounds, identified dimers (C15–18) accounted for significantly larger 
322 fractions of -pinene SOA mass, resulting in roughly a three-fold difference in total dimeric mass 
323 fraction between SOA produced from ozonolysis of -pinene (1.3  0.1%) and -pinene (3.3  
324 0.6%). In part, this difference is explained by the much higher suspended SOA mass loadings 
325 formed in the -pinene system (Figure 1, Table 1), due to the faster rate at which ozonolysis 
326 proceeds for -pinene ( = 8.4  1017 cm3 molecules1 s1) as compared to -pinene ( = kαp + O3 kβp + O3
327 1.5  1017 cm3 molecules1 s1).70 At higher SOA loadings, equilibrium partitioning of 
328 semivolatile monomers becomes an increasingly dominant source of SOA mass, minimizing the 
329 mass contribution of (extremely) low-volatility dimers, which provide the main SOA source at low 
330 loading via irreversible condensation.31,71 Even so, based on mass yields of total dimers identified 
331 in -pinene (0.48  0.01%) and -pinene (0.80  0.04%) SOA after ~5 h of reaction 
332 (mtotal_dimer/mpinene_reacted), ozonolysis of -pinene appears to be more efficient at producing dimeric 
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333 compounds measureable by PILS + UPLC/()ESI-Q-TOF-MS. However, the mechanisms 
334 underlying dimer formation in these systems remain unresolved.34
335
336 Physicochemical Properties of Molecular Products in -Pinene and -Pinene SOA. Shown in 
337 Figure 4 are the molecular products identified in -pinene and -pinene SOA mapped onto the 
338 average carbon oxidation state vs. carbon number ( C-nC) space, as well as in mass defect plots. OS
339 Note that in these frameworks, isomers are represented collectively as single data points. In terms 
340 of saturation mass concentration (C*), monomers (C7–10) are classified as intermediate-volatility 
341 (IVOC; 300 < C* < 3 × 106 µg m−3), semivolatile (SVOC; 0.3 < C* < 300 µg m−3), or low-volatility 
342 organic compounds (LVOC; 3 × 10−4 < C* < 0.3 µg m−3), whereas all dimers (C15–19) are 
343 designated as extremely low-volatility organic compounds (ELVOC; C* < 3 × 10−4 µg m−3).72 The 
344 molecular formulas of a number of these compounds are common to both -pinene and -pinene 
345 SOA and can largely be grouped into homologous series of monomers (C8H12O4–6, C8H14O4–6, and 
346 C9H14O3–5) and dimers (C16H26O6–10, C17H26O5–9, C18H28O4–11, and C19H30O5–10). Distinct 
347 homologous series for -pinene (C10H14O4–6, C10H16O3–6, C18H26O6–8, and C19H28O5–9) and -
348 pinene (C17H28O5–10 and C18H30O6–10) were also observed. 
349
350 The mass-weighted C of the identified molecular products in -pinene (0.62  0.07) and -OS
351 pinene (0.57  0.10) SOA are significantly higher than the corresponding AMS-derived bulk C OS
352 values (Figure 4, Table 1), indicating that the SOA mass undetected by PILS + UPLC/()ESI-Q-
353 TOF-MS (~80%) is less oxygenated, on average, than the identified carboxyl-containing species. 
354 The comparatively reduced nature of the unidentified SOA mass implies that particle-phase 
355 chemistry involving the loss of oxygen, particularly from highly oxygenated organic molecules 
356 (HOMs)73 that have been implicated as important contributors to monoterpene SOA,71,74–76 is 
357 operative in modulating the C of -pinene and -pinene SOA molecular constituents. For OS
358 example, decomposition of multifunctional organic (hydro)peroxides (e.g., peroxyhemiacetals and 
359 diacyl peroxides) in biogenic SOA, on time scales of hours or less, has been demonstrated in a 
360 number of recent studies35,77–80 and can lead to nonperoxide species (e.g., carboxylic acids, 
361 aldehydes, and esters) with decreased oxygen content.31,81,82 
362
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363 In addition, despite being routinely measured in the gas phase,71,74,76,83,84 C20 compounds were not 
364 detected in SOA from -pinene ozonolysis, consistent with several recent LC/(−)ESI-MS 
365 studies.14,24–31,35 This implies that C20 dimers, likely formed via gas-phase self/cross-reactions of 
366 organic peroxy radicals (RO2 + RO2  ROOR + O2), undergo chemical 
367 transformation/decomposition following condensation to the particle phase, as previously 
368 suggested.13,31,71 The decomposition of ROOR is in line with results from our recently developed 
369 iodometry-assisted LC/(−)ESI-MS assay, which found that only one compound identified in SOA 
370 from -pinene ozonolysis (C8H14O6) contained (hydro)peroxide moieties.35 That said, the lack of 
371 detection by LC/(−)ESI-MS could also indicate that C20 compounds formed from -pinene 
372 ozonolysis simply do not contain carboxyl groups.
373
374 ATMOSPHERIC IMPLICATIONS
375 Due to the inherent chemical complexity of SOA and resultant lack of authentic standards required 
376 for calibration, quantification of SOA molecular products via LC/ESI-MS is subject to the use of 
377 surrogates and proceeds under the assumption that compounds with similar 
378 structures/functionalities exhibit comparable ESI efficiencies. For -pinene and -pinene SOA, 
379 this has led to extensive use of commercial terpenoic acids (e.g., cis-pinonic acid) as surrogates 
380 for quantifying both monomeric and dimeric SOA constituents. However, in establishing that the 
381 ()ESI efficiencies of dimer esters 4–6 are at least an order of magnitude higher than those of 
382 carboxylic acids 1–3, which in turn differ by almost a factor of six, this study demonstrates that 
383 the use of unrepresentative surrogates can lead to substantial, previously unrecognized systematic 
384 errors in quantitative LC/ESI-MS analyses of SOA, particularly with respect to quantification of 
385 high-molecular-weight compounds using low-molecular-weight proxies. Although specifically 
386 elucidated via LC/()ESI-MS of pinene-derived carboxylic acids and dimer esters, the observed 
387 order-of-magnitude difference in ()ESI efficiency between monomers and dimers is consistent 
388 with the general mechanistic understanding of the ESI process and is expected to be equally 
389 applicable to other biogenic and anthropogenic SOA systems analyzed via either () or (+) 
390 LC/ESI-MS under various LC conditions (e.g., organic solvent content, buffer concentration, and 
391 pH).42
392
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393 The failure of past LC/()ESI-MS studies to account for the distinct ()ESI behavior of monomers 
394 and dimers, and the consequent overestimation of dimeric (and polycarboxylic) SOA mass 
395 fractions (Table 2), has led carboxyl-containing compounds to be regarded as dominant 
396 constituents of -pinene and -pinene SOA; a reasonable supposition given that the carboxyl 
397 moiety represents an approximate endpoint in carbon oxidation state and its incorporation leads to 
398 a ~1000-fold reduction in vapor pressure relative to the parent compound.67 However, constrained 
399 by the ()ESI efficiencies of carboxylic acids 1−3 and dimer esters 4−6, the 82–90 carboxyl-
400 containing compounds identified in this work (Table S3), as well as those in previous LC/()ESI-
401 MS studies (Table 2), are found to account for only ~20–30% of the mass of chamber-generated 
402 SOA from ozonolysis of -pinene or -pinene. In particular, the 46–62 identified ELVOC dimers, 
403 although still expected to play a critical role in new particle formation and growth (i.e., at low SOA 
404 loading), are determined to make only a minor contribution (~1–3%) to total -pinene and -
405 pinene SOA mass. A substantial fraction (~70–80%) of -pinene and -pinene SOA mass remains 
406 undetected by LC/()ESI-MS methods. Based on comparison of AMS-derived bulk C and mass-OS
407 weighted molecular C values, this unspeciated mass appears to be less oxygenated, on average, OS
408 than identified carboxyl-containing species. However, elucidation of the molecular composition 
409 of the outstanding SOA mass (i.e., carbon closure) will require the concerted application and 
410 proper calibration of mass spectrometric techniques sensitive to other compound classes.
411
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865 TABLES AND FIGURES
866
867 Table 1. Initial conditions and SOA properties for -pinene and -pinene ozonolysis experiments in the CTEC.a,b
SOA Mass Fraction (%)c,e
VOC Exp. [VOC]0(ppb)
[O3]0
(ppb)
[(NH4)2SO4]0 
(µm3 cm3)
[SOA]
(µg m3)c
Bulk
O:Cc
Bulk
  Cc,dOS Monomer Dimer Total
-Pinene 1–4 104  5 150 86–223 232  26 0.41  0.01 0.87  0.02 20.5  2.5 1.3  0.1 21.8  2.6
-Pinene 5–9 95  2 150 137–283 78  14 0.36  0.01 0.92  0.02 15.6  2.7 3.3  0.6 18.9  3.2
868 a~5-h duration; T0 = 295  2 K; P = 1 atm; RH < 5%; [NOx]0 < 0.5 ppb; no OH scavenger.
869 bData are reported as averages (1) of replicate experiments for -pinene (n = 4) and -pinene (n = 5).
870 cCalculated for suspended SOA after ~5 h of ozonolysis (see Figure 1).
871 dAverage carbon oxidation state ( C = 2 O:C  H:C).OS
872 eMethod uncertainty is estimated to be 23% (relative). See Experimental for details.
873
874
875 Table 2. Mass fractions of molecular products in SOA from -pinene ozonolysis quantified via LC/()ESI-MS.a
SOA Mass Fraction (%)c,d
Reference [-P]0(ppb)
[O3]0
(ppb)
[(NH4)2SO4]0 
(µm3 cm3)
[SOA]
(µg m3)
Bulk
O:C
Bulk
  COS cis-Pinic Acid Monomer Dimer Total
Zhang
et al. (2015)31 154 200 73 120 0.45 0.72 21.0 [5.3]
39.2 [26.0]
(9)
6.5 [2.6]
(13) 45.7 [28.6]
Kristensen
et al. (2017)30 50 200  60 0.40 0.85 4.5
20.5
(16)
8.6 [1.1]
(30) 29.1 [21.6]
This Workb 104  5 150 86–223 232  26 0.41  0.01 0.87  0.02 3.9  0.6 20.5  2.5(36)
1.3  0.1
(46) 21.8  2.6
876 aExperiments in each study were carried out in batch-mode Teflon environmental chambers at 293–298 K and ~1 atm, under dry (<5% RH), low-NOx (<1 ppb) 
877 conditions, and in the absence of an OH scavenger.
878 bSee Table 1 for details.
879 cBracketed values represent adjusted mass fraction estimates based on ()ESI efficiencies derived in this work. Details are provided in SI, Section S1.
880 dNumbers of identified monomers and dimers are given in parentheses.
881
882
883
884 Scheme 1. Synthesis of carboxylic acids 1–3 and dimer esters 4–6 from commercially available (+)--pinene. In cases where epimers were 
885 generated via reduction of ketones with NaBH4 (i.e., compounds 3, 3a, and 6), only the major epimer was isolated but the relative 
886 stereochemistry remains unassigned.
Page 25 of 28
ACS Paragon Plus Environment
Environmental Science & Technology
26
887
888
889 Figure 1. (A) GC/FID-derived decay curves and (B) SMPS-derived suspended SOA growth profiles for -pinene and -pinene ozonolysis 
890 experiments in the CTEC. Experimental conditions are reported in Table S1. Gray bar denotes 5-min interval for which SOA mass fractions 
891 and properties were calculated in each experiment.
892
893
894
895  
896
897 Figure 2. UPLC/()ESI-Q-TOF-MS BPI chromatogram of an equimolar (1.00 µM) aqueous solution of carboxylic acids 1−3 and dimer 
898 esters 4−6. ()ESI efficiencies, normalized to that of cis-pinonic acid (1), are given in parentheses. (Inset) Weighted (1/X), linear (R2 > 
899 0.998) calibration curves, generated from triplicate measurements (1) of equimolar aqueous solutions of carboxylic acids 1–3 and dimer 
900 esters 4–6 spanning a concentration range from 0.200 to 5.00 µM.
901
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902
903
904 Figure 3. Mass fractions of molecular products identified in -pinene and -pinene SOA as a function of carbon number (nC), calculated 
905 for suspended SOA after ~5 h of ozonolysis in the CTEC (see Figure 1) and reported as averages (1) of replicate experiments for -
906 pinene (n = 4) and -pinene (n = 5).
907
908
909
910
911
912 Figure 4. Molecular products identified in SOA produced from ozonolysis of (A) -pinene and (B) -pinene mapped onto (1) the C-nC OS
913 space and (2) mass defect plots. Markers in (1) and (2) represent all isomers identified for a given molecular formula (Table S3). Marker 
914 size in (1) denotes total isomer mass fraction and dashed lines represent AMS-derived bulk C values (Table 1), both calculated for OS
915 suspended SOA after ~5 h of ozonolysis in the CTEC (see Figure 1) and reported as averages of replicate experiments for -pinene (n = 
916 4) and -pinene (n = 5). logC* values were estimated using the empirical model of Donahue et al.72 
917
918
919
920
921
922
Page 27 of 28
ACS Paragon Plus Environment
Environmental Science & Technology
28
923 TABLE OF CONTENTS (TOC) GRAPHIC
924
925
926
Page 28 of 28
ACS Paragon Plus Environment
Environmental Science & Technology
